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for accurate guidance. The model was further corrobo- the receptor signaling systems and those controlling
rated by the observation that border cells overexpress- endosome dynamics. Indeed, in a recent systematic
ing a mutant form of PVR, which is able to signal but genome-wide screen of human kinases that regulate
cannot bind Cbl or Sprint, also display defective mi- clathrin and caveolae/raft endocytic pathways, many
gration. signal-transduction kinases were shown to control en-
In mammalian cells, dynamin functions in endocyto- docytosis. This reinforces the tight link that exists be-
sis by pinching off the vesicle from the membrane. Per- tween endosome dynamics and signaling pathways
turbing the “pinchase” activity of this protein results in (Pelkmans et al., 2005) and further supports the notion
the absence of internalization through the clathrin and that endosomes are themselves regulated by the very
the non-clathrin endocytic pathways of a large number cargo they carry. Unraveling how endosome dynamics,
of molecules. Interestingly, in border cells, a dominant- their location, and their rate of trafficking are linked to
negative form of Shibire (dynamin) also induced delo- cell-signaling networks promises to provide many ex-
calization of the phospho-tyrosine signal, demonstrat- citing surprises in the future.
ing that RTK internalization is required to restrict RTK
signaling and maintain directed movement. Also, as in Christine Le Roy and Jeffrey L. Wrana
other cells, Hrs in border cells plays a role in the bio- Center for Systems Biology
genesis of degradative endosomes and is required for Department of Medical Genetics and Microbiology
RTK downregulation. Importantly, mutation of Hrs in University of Toronto
border cells led to increased RTK signaling from endo- Samuel Lunenfeld Research Institute,
somes as expected but did not interfere with cell migra-
Mount Sinai Hospital, 600 University Avenue,
tion. Thus, the correct localization of RTK-containing
Toronto M5G 1X5
endosomes, not control of the absolute magnitude of
Canadathe signal, is the critical Cbl-mediated event.
The importance of the Jékely work lies in the intimate
relationship that is revealed among endosome dy- Selected Reading
namics, cell signaling, and directed cell movement.
Previous ideas of endocytosis suggested that recep- Jékely, G., Sung, H., Luque, C.M., and Rorth, P. (2005). Dev. Cell 9,
tors were simply cargo on a pathway that operated in- this issue, 197–207.
dependently to traffic them to defined locations in the Le Roy, C., and Wrana, J.L. (2005). Nat. Rev. Mol. Cell Biol. 2,
cell. Receptors therefore either recycled back to the 112–126.
cell surface to allow continued response to extracellu- Etienne-Manneville, S., and Hall, A. (2001). Cell 106, 489–498.
lar cues or were driven into the lysosome for degrada- Waterman, H., Katz, M., Rubin, C., Shtiegman, K., Lavi, S., Elson,
tion. However, early endosomes can themselves con- A., Jovin, T., and Yarden, Y. (2002). EMBO J. 21, 303–313.
tribute to efficient signal transduction by controlling Waterman, H., Levkowitz, G., Alroy, I., and Yarden, Y. (1999). J. Biol.
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2004). Thus, the endosome is emerging as a key plat- geron, J.J. (1994). EMBO J. 13, 4269–4277.
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ceed, and as a signaling center, it provides a special 814.
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Budding yeast divide asymmetrically and must there- s
efore align the position of the mitotic spindle with the
plane of division. The success of this process is mon- (
iitored by a checkpoint-signaling mechanism. Two re-
cent papers in Molecular Cell reveal an important new t
facet of this signal transduction pathway.pindle positioning in budding yeast is an essential pro-
ess, involving complex interactions between microtu-
ules, actin, and the cell cortex (Pearson and Bloom,
004). To gain the time needed to correct errors in spin-
le positioning, yeast has evolved a checkpoint, the
pindle position checkpoint or SPOC, which prevents
xit from mitosis if the spindle is mispositioned
Bloecher et al., 2000). The SPOC accomplishes this by
nhibiting a signal transduction cascade called the mi-
otic exit network (MEN).
The focal point of the MEN pathway is a small
Previews
169GTPase, called Tem1, that associates with the spindle
pole body (SPB), the yeast centrosome. Tem1, presum-
ably in its GTP bound form, activates a series of down-
stream kinases, and this ultimately switches off mitotic
cyclin-dependent kinase activity and also triggers cyto-
kinesis (Figure 1A). Like other small GTPases, Tem1 is
inhibited by a GTPase activating protein, the bipartite
GAP Bub2-Bfa1. A Ras GEF-related protein called Lte1
also positively regulates Tem1. Although the MEN has
a generally hierarchical organization, the pathway is
complex, with multiple feedback loops (Bosl and Li,
2005; Stegmeier and Amon, 2004).
How does a yeast cell sense the position of its spin-
dle and regulate MEN accordingly? For the SPOC, the
crucial regulation occurs through the Bub2-Bfa1 GAP
(Figure 1A). Cells lacking either Bub2 or Bfa1 are com-
pletely defective for the SPOC and barrel through the
cell cycle, even when the spindle is positioned entirely
within the mother cell. The resulting anaphase in the
mother cell generates inviable aploid and polyploid
daughter cells. On the Bub2-Bfa1 GAP, there are sev-
eral controls that seem to be important for the SPOC.
At the end of a normal mitosis, the polo kinase Cdc5
phosphorylates Bfa1, disrupting its binding to Tem1,
thus permitting Tem1 activation and mitotic exit (Hu et
al., 2001). The localization of the GAP also responds to
alterations in spindle position: In a normal anaphase,
the GAP concentrates on the daughter bound pole,
whereas if the spindle is mispositioned, the GAP is
found on both poles, where it presumably shuts down
Tem1.
Other contributing elements to the integration of
spindle position with MEN activation are the asymmetry
and spatial separation of MEN components (Bosl and
Li, 2005; Stegmeier and Amon, 2004). In a normal ana-
phase, Tem1 is asymmetrically distributed: It concen-
trates on the daughter bound SPB but not the mother
SPB. Additionally, the MEN activator Lte1 localizes spe-
cifically to the bud cortex until it is released in late ana-
phase. The confinement of Lte1 to the bud is therefore
an appealingly simple way to link Tem1 activation to
successful delivery of the daughter bound pole to the
daughter and thus the correct positioning of the mitotic
spindle (Figure 1B). However, Lte1 is not essential un-
der most conditions and other, less-well-characterized
mechanisms also activate Tem1 in the bud. In sum,
there are multiple inhibitory and activating signals that
feed into Tem1 (Figure 1B). In a manner that is not well
understood, these signals report the position of the mi-
totic spindle, communicating to Tem1 whether it is safe
to complete mitosis. A notable feature of the studies to
date is that most of the signaling action seems to be
on the daughter bound SPB or in the daughter cell.
The mother cell now reasserts her influence on mi-
totic exit in two papers recently published in Molecular
Cell (D’Aquino et al., 2005; Pereira and Schiebel, 2005).
These papers describe a protein kinase, Kin4, that re-
sides in the mother cell and inhibits Tem1 activation.
This discovery implies that one SPB must escape this
mother-specific restraint to activate MEN signaling.
D’Aquino et al. identified Kin4 in an elegant genetic
screen for negative regulators of mitotic exit (D’Aquino
et al., 2005). Pereira and Schiebel also took an elegant
but more armchair approach: They surmised that Kin4could be a negative regulator of MEN by examining
available genome-wide data on synthetic lethality in-
teractions (Pereira and Schiebel, 2005; Tong et al.,
2004). Both groups show that Kin4 is required for the
SPOC. Consistent with its proposed restraint of MEN
activation, overexpression of Kin4 also blocked mitotic
exit in otherwise normal cells (D’Aquino et al., 2005). In
addition, the localization of Kin4 is interesting: Kin4 is
one of a small number of proteins that specifically re-
side on the mother cortex and is the first to selectively
associate with the mother SPB.
Combining biochemical and genetic approaches,
both groups conclude that Kin4 regulates the Bub2-
Bfa1 GAP, probably by modulating the Cdc5-mediated
phosphorylation of Bfa1. Indeed, overexpression of
Kin4 diminishes Bfa1 phosphorylation, and loss of Kin4
promotes Bfa1 phosphorylation [at least in the some-
what artificial situation where cells were arrested in
nocodozole (D’Aquino et al., 2005)]. Molecularly, Kin4
might locally regulate Cdc5 activity at the SPB or con-
trol Bfa1 dephosphorylation by a phosphatase. It should
also be noted that there seems to be a complex recip-
rocal relationship between Kin4 and polo because polo
activity is also required for SPB localization of Kin4
(Pereira and Schiebel, 2005). All this suggests that
when the spindle is mispositioned, Kin4—directly or in-
directly—reduces polo-dependent phosphorylation of
Bfa1, keeping the Bub2-Bfa1 GAP active and inhibiting
mitotic exit.
Does Kin4 constitutively create an inhibitory zone for
MEN-signaling in the mother, or does it play a more
active role in sensing mispositioned spindles? Consis-
tent with the zone of inhibition idea, if the spindle is mis-
positioned, Kin4 does bind to both SPBs in the mother
(Pereira and Schiebel, 2005) (Figure 1B). This is corre-
lated with reduced SPB-associated Tem1 (D’Aquino et
al., 2005). However, D’Aquino et al. raise the interesting
possibility that Kin4 kinase activity might be increased
in cells where the spindle is mispositioned. Kin4 kinase
activity is detectable during mitosis, and in cells where
the spindle is mispositioned, there is a small—2-fold—
increase in Kin4 kinase activity (D’Aquino et al., 2005).
Although this needs to be elaborated in future work, in
their experimental setup, only a small fraction of the
cells had mispositioned spindles. So the increase in ki-
nase activity could have been underestimated. If this is
the case, it will be interesting to learn more about how
Kin4 “knows” there is a mispositioned spindle in the
mother cell.
One curious feature of Kin4 is that, unlike Bub2-Bfa1,
Kin4 is not required for the spindle assembly check-
point [the Mad2-dependent checkpoint, activated when
microtubules are depolymerized by nocodozole (D’Aquino
et al., 2005; Pereira and Schiebel, 2005)]. This might be
because Kin4 only partially activates the Bub2-Bfa1 GAP
when the spindle is mispositioned [the polo phosphory-
lation of Bfa1 is known to be only partially inhibitory
(Geymonat et al., 2003)]. Alternatively, a Kin4-indepen-
dent signal may combine with Kin4 to “super-activate”
the Bub2-Bfa1 GAP in nocodozole, where both spindle
position and spindle assembly are defective. The jury
is still out, but for various reasons, Pereira and Schiebel
favor the former idea, whereas D’Aquino et al. favor
the latter.
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170Figure 1. Kin4, the Spindle Orientation Check-
point, and the MEN Signaling Pathway
(A) Potential molecular functions of Kin4. In
anaphase, a bipartite Tem1 GAP Bfa1-Bub2
is inhibited by a polo kinase/Cdc5-depen-
dent phosphorylation. Tem1 is also activated
by its activators in the bud. Activated Tem1
triggers both mitotic exit and cytokinesis
through activation of downstream kinases.
When the spindle is mispositioned, the
Cdc5-dependant phosphorylation of Bfa1 is
inhibited by Kin4, although the mechanism is
not fully understood: Kin4 may inhibit Cdc5-
dependant phosphorylation or activate a
phosphatase that counteracts Cdc5.
(B) Localization of Kin4 (green) and the MEN
activators [e.g., Lte1 (yellow)] in anaphase.
In contrast to the MEN activators, Kin4 local-
izes to the mother-cell cortex and a spindle
pole body in the mother cell. After a spindle
pole has migrated into the bud, the MEN
signaling on the daughter SPB is activated (star, Left). MEN signaling may also be activated on the mother SPB because of the absence of
Bfa1 (not shown). When the spindle is mispositioned, Kin4 and Bfa1-Bub2 localize to both spindle pole bodies (Right), MEN is inhibited, and
the cell cycle is delayed by the checkpoint.Together, these papers not only add a new player to i
the SPOC that regulates MEN, but also reveal a unique t
signaling role for the mother cell. The reciprocal asym- g
metries of Kin4 (mother pole) and Bub2-Bfa1 (daughter d
pole) potentially explain why Kin4 affects mispositioned s
spindles but has no role in a normal cell cycle. In a q
normal anaphase, there is no Bub2-Bfa1 on the mother f
pole, and so Kin4 cannot inhibit Tem1 activation. In- e
deed, in a normal anaphase, some markers of MEN ac- n
tivation appear on the mother SPB prior to their ap- o
pearance on the daughter. However, when the spindle
is mispositioned within the mother cell, Kin4 and Bub2- S
Bfa1 associate with both poles, where they can shut D
down Tem1. D
Hopefully, a better understanding of the SPOC signal D
transduction pathway will provide new experimental C
avenues for solving some of the other unresolved ques- H
tions in the field. Perhaps most mysterious issue is the B
nature of the physical cue that is sensed by the SPOC.
Does the SPOC monitor soluble signals from the bud
to the daughter bound pole? Does it monitor passage S
of the daughter bound pole through the neck? Does it
monitor the inhibitory-signal loss generated by microtu- B
bule-neck contacts? Does it monitor the tension that 5
is on the spindle pole and generated by microtubule- B
pulling forces? D
The mitotic exit network has been extremely fruitful G
ground for yeast cell biologists, but what does it tell us 2
about cell-cycle control, spindle positioning, and asym- G
wmetric cell division in other systems? The core MEN
signaling module, as well as the asymmetric distribu- H
1tion to components on the SPBs, is conserved in fis-
sion yeast (Stegmeier and Amon, 2004). However, even N
hin fission yeast, there are significant differences in the
functional role of the network, and some key compo- P
4nents such as Kin4 and Lte1 do not have obvious ho-
mologs. Things become murkier still in animal cells. P
Only a few MEN components are conserved; other S
components—for example, Tem1 and Kin4—lack obvi- T
ous counterparts. Nevertheless, the concept that the J
8centrosome is a platform for signaling events and thatt regulates cell-cycle progression and the behavior of
he cell cortex is clearly general (Nigg, 2004). For biolo-
ists who want a comprehensive “systems-wide” un-
erstanding of such signaling processes, yeast still
eems a system of choice. This raises a final important
uestion: Do we now finally have the complete parts list
or MEN signaling? The current studies are cautionary
xamples illustrating that we may not—which is good
ews for those of us who are not quite ready to trade
ur lab benches for computers.
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